Both reduced endogenous estrogen and hemicastration stimulate proliferation of porcine Sertoli cells. The objective of these experiments was to compare the temporal patterns of response to each stimulus with the response to the combined stimuli as indications of shared or separate mechanisms. Within a replicate, one littermate was treated weekly with canola oil vehicle and remained intact; a second littermate was treated weekly with vehicle, and one testis was removed at Day 8; a third littermate was treated weekly with the aromatase inhibitor letrozole to reduce endogenous estrogens and remained intact; and the fourth littermate was treated weekly with letrozole, and one testis was removed at Day 8. Four replicates were evaluated at 2 wk of age, five replicates evaluated at 6.5 wk of age, and five replicates were evaluated at 11 wk of age, with treatment ceasing at 6 wk of age. Numbers of Sertoli cells were determined following GATA4 labeling using the optical dissector method. Levels of estradiol, estrogen conjugates, follicle-stimulating hormone (FSH), luteinizing hormone (LH), and inhibin were determined by radioimmunoassay. Hemicastration appeared to have a rapid effect on Sertoli cell proliferation, but letrozole treatment had no apparent effect on Sertoli cell numbers at 2 wk of age. Both letrozole treatment and hemicastration had stimulated Sertoli cell proliferation by 6.5 wk of age, although the magnitude of the hemicastration response was much greater. Letrozole appeared to have minimal interaction with hemicastration at this age. Letrozole and hemicastration together increased Sertoli cell numbers at 11 wk of age compared with either treatment alone. Estradiol and estrogen conjugates were dramatically reduced by aromatase inhibition as anticipated; treatment-induced changes in inhibin, LH, or FSH were minimal. Differences in timing of response and positive interaction at 11 wk of age suggest that hemicastration and letrozole stimulate proliferation of Sertoli cells by two initially different pathways.
INTRODUCTION
Sertoli cells are major players in testicular function, from their role in initial development of the male gonad to their role in supporting developing sperm in the mature testis. Our understanding of the regulation of Sertoli cell development is primarily at the phenomena level, although some recent progress in understanding at a more mechanistic level has occurred [1] [2] [3] . In species in which the period of postnatal testicular development is sufficiently long enough for temporal separation to be clear, two postnatal, prepubertal waves of Sertoli cell proliferation are detectable, with the first occurring in the perinatal interval [4, 5] . During the first postnatal wave of Sertoli cell proliferation, essentially no Sertoli cell apoptosis can be detected, at least in the pig [6] . Hence, increases in numbers of Sertoli cells are a result of either a greater rate of proliferation or a prolonged interval of proliferation.
Hemicastration has long been used as a way to study testicular developmental potential; this experimental approach led to hypotheses of a follicle-stimulating hormone (FSH)-mediated mechanism for increased Sertoli cell proliferation [7, 8] . Although the necessity for FSH signaling in rodents is unclear [9, 10] , the pathway includes potential signaling through retinoic acid, insulin-like growth factor 1, insulin, and activin [2, [11] [12] [13] [14] [15] . This FSH pathway, at least from hemicastration studies, appears to modulate Sertoli cell proliferation in several different mammalian orders, although the magnitude of the response is affected by timing, species, and breed, as one might expect [16] [17] [18] [19] . Signaling may be mediated through peritubular myoid cells [20] .
Neonatal hypothyroidism in rodents increases Sertoli cell proliferation by a second mechanism apparently distinct from that ascribed to hemicastration [21] [22] [23] [24] . The decreased proliferation of Sertoli cells in vitro in response to triiodothyronine and the existence of thyroid receptors on the Sertoli cells, including a truncated mitochondrial form, suggest this mechanism may be mediated directly at the Sertoli cell [3, 25, 26] . However, hypothyroidism has not been shown to augment Sertoli cell populations in pigs, suggesting species differences in the relative importance of alternative pathways [27, 28] .
A third, recently demonstrated mechanism for increased Sertoli cell proliferation involves the reduction of testicular estrogens. We initially observed increased numbers of Sertoli cells following reduction of endogenous estrogens by inhibition of testicular aromatase [29] . Testicular and circulating estrogen levels were reduced by aromatase inhibition, but neither testosterone, circulating inhibin, gonadotropins, nor prolactin was altered, and the response could be mimicked by blocking the classical estrogen receptors with fulvestrant [30, 31] . Collectively, these data suggest a local mechanism at the level of the testis [30, 31] . Although studies with rodents do not suggest that estrogenic regulation of Sertoli cell proliferation in rodents is similar to that in pigs [32] [33] [34] , a study with twin marmosets suggested testicular estrogens may restrict Sertoli cell proliferation in primates as in pigs [35] [36] [37] .
Elucidation of the molecular mechanisms involved in stimulating Sertoli cell proliferation should help us to understand how the normal Sertoli cell population is determined before maturation typically terminates further development. This is critical information for development of therapeutic approaches to alleviate Sertoli cell contributions to the constellation of human health conditions collectively referred to as testicular dysgenesis syndrome [38] . Similarly, such knowledge will allow us to improve male reproductive efficiency in livestock. These studies were designed to determine whether Sertoli cell proliferation in response to decreased endogenous estrogens and in response to hemicastration shared pathways or if these two mechanisms to increase Sertoli cell proliferation would act synergistically.
MATERIALS AND METHODS

Animals and Treatments
All animal use was approved by the UC Davis Institutional Animal Care and Use Committee and conducted in accordance with SSR guidelines. Boars were from Genus PIC (Hendersonville, TN) genetic lines maintained by donations of semen from Genus PIC. Three experiments were conducted with tissues retrieved at 2 wk of age in the first experiment, at 6.5 wk of age in the second experiment, and at 11 wk of age in the third experiment. In each experiment, a replicate contained four treatments: a vehicle-treated control, a vehicle-treated littermate that was hemicastrated at 8 days of age, a littermate treated orally with the aromatase inhibitor letrozole in canola oil vehicle, and a fourth littermate treated orally with letrozole and hemicastrated at 8 days of age. Letrozole treatment (0.1 mg letrozole/kg of body weight) or vehicle treatment was administered weekly beginning at 1 wk of age. The four littermate boars in each replicate were randomly allocated to the four treatments. Blood was collected in heparinized tubes beginning at 2 wk of age just prior to treatment or before euthanasia at 6.5 wk of age and plasma stored at À178C until analyzed for luteinizing hormone (LH), FSH, testosterone, estradiol, or estrogen conjugates as previously described [31] . In the first experiment, tissues were collected from four replicates with animals anesthetized with 1:1 tiletamine HCl:zolazepam HCl (0.35 mg/kg prior to recovery of testes; Fort Dodge Animal Health, Overland Park, KS). In experiments two and three, tissues were recovered from five replicates each. Boars were euthanized at 6.5 wk of age with sodium pentobarbital (86 mg/kg; Vortech Pharmaceuticals, Dearborn, MI) prior to tissue recovery; at 11 wk of age, boars were hauled to the university abattoir and electrically stunned prior to blood collection from the severed anterior vena cava and subsequent tissue collection.
Tissue Analysis
Testes were weighed at the time of tissue collection. A section of testis approximately 2 mm thick from the equator was fixed in 4% paraformaldehyde in PBS prior to dehydration and embedding in paraffin. An additional aliquot of testis was frozen on dry ice and stored at À708C until prepared for testicular steroid analysis or aromatase activity determination. Sertoli cell numbers per testis were determined by the optical dissector method as previously described [31] , using 25-lm-thick paraffin sections and immunohistochemical labeling with GATA4 [39] . Briefly, all Sertoli cells with at least half of the nuclei included in a field 18 967 lm 2 3 17 lm deep were enumerated. Additional fields were randomly chosen until a minimum of 90 fields were examined at 2 wk of age, and a minimum of 35 fields were examined at 6.5 and 11 wk of age. Sertoli cell numbers per testis were calculated using the determined Sertoli cell density by multiplying by testis weight and assuming an average testicular density of 1 g/cm 3 , the density prior to fixation and embedding. Aromatase activity in testicular tissues was determined using the tritiated water assay [40, 41] . Testicular steroid concentrations (testosterone, estradiol, and estrogen conjugates) in testicular homogenates and circulating testosterone, estradiol, LH, and FSH were determined in radioimmunoassays as previously described [42] . The mean intra-assay coefficient of variation and the interassay coefficient of variation were 11.8% and 8.8%, respectively, for estradiol, with a mean extraction efficiency of 82%. The corresponding numbers for the testosterone assays were 8.4% and 9.2%, respectively, with a mean 76.8% extraction efficiency, and the coefficients for the estrogen conjugate assays were 11.0% and 11.6%, respectively. Inhibin concentration was determined in plasma samples obtained from the boars in the third experiment (11-wk trial), in a single radioimmunoassay (intra-assay coefficient of variation of 5.9%) as previously described [30] .
Statistics
Data were analyzed using Proc Mixed software (SAS, Cary, NC). Litter was considered a random factor and treatment a fixed factor. Models for systemic hormone levels included age and were analyzed with a repeated measures design. When necessary for normality considerations, data were transformed (log transformation for estradiol, estrogen conjugates, testosterone, LH), and significance was reported for transformed data; means 6 SEM are from nontransformed data.
RESULTS
The first experiment compared the initial response to hemicastration or to letrozole treatment, or to a combination of the two at 2 wk of age. Numbers of Sertoli cells exhibited no apparent response to letrozole in this time frame (Fig. 1) . However, hemicastration appeared to induce a rapid response in Sertoli cell proliferation with an approximately 50% increase in numbers of Sertoli cells present in the remaining testis 6 days after removal of one testis (P , 0.1). Hemicastrated animals treated with letrozole had arithmetically fewer Sertoli cells than hemicastrated boars, but the number did not differ statistically from those of either the hemicastrated littermates or the vehicle-treated intact littermates. Treatment-induced changes in testis weight were not detectable at 2 wk of age.
Sertoli cell numbers increased in the 6.5-wk-old boars with reduced endogenous estrogens (treated with the aromatase inhibitor letrozole) as previously observed (P , 0.05) (Fig. 2) . Sertoli cell numbers per testis were almost doubled at 6.5 wk of age in the boars that were hemicastrated at 8 days of age compared with those in their intact, vehicle-treated littermates. The number of Sertoli cells in the hemicastrated animals treated with letrozole were arithmetically higher than the number in the hemicastrated animals receiving canola oil vehicle, but this did not approach significance. Testis weights in letrozole-treated and vehicle-treated littermates were similar and significantly higher in hemicastrated littermates regardless of treatment with letrozole.
Sertoli cell numbers were increased at 11 wk of age by the combination of letrozole treatment through 6 wk of age and hemicastration at 8 days of age compared with those in either treatment alone (P , 0.001 vs. letrozole; P , 0.05 vs. hemicastration) (Fig. 3) . Testis weight in the hemicastrates was increased at 11 wk compared with that in intact littermates (P , 0.01) but did not differ significantly between the two hemicastrated groups.
Testicular aromatase activity was reduced significantly by treatment with the aromatase inhibitor letrozole at all ages, regardless of hemicastration status (P , 0.01 at 2 wk of age; P , 0.001 at 6.5 wk of age; P , 0.01 for intact, and P , 0.05 for hemicastrates at 11 wk of age) (Fig. 4) . Hemicastration alone generally did not affect testicular aromatase, although a slight reduction in enzyme activity was observed in testes from the 6.5-wk-old hemicastrates relative to that in intact littermates (P , 0.05). Testicular estradiol and estrogen conjugate concentrations at 6.5 wk of age were reduced by letrozole treatment through 5 wk of age and arithmetically decreased, although the difference only approached significance (P , 0.1) at 11 wk of age in animals treated with letrozole through 6 wk of age (Fig.  5) . Testosterone concentrations in testicular homogenates were not altered by either letrozole or hemicastration. Systemic estradiol and estrogen conjugates were reduced by letrozole ( Fig. 6 ; P , 0.0001), regardless of hemicastration. No treatment differences were observed in systemic LH (Fig. 7) or testosterone concentrations. Systemic FSH was not affected BERGER AND CONLEY by hemicastration or by letrozole treatment but was slightly elevated by the combination of letrozole and hemicastration; this increase was significant at 4 wk of age. Systemic inhibin was minimally affected by treatment, with an apparent increase in inhibin appearing in the letrozole-treated boars at 4 wk of age, but letrozole had no significant effect. Vehicle-treated hemicastrated boars had slightly lower inhibin levels than their vehicle-treated intact littermates.
Mean serum testosterone 6 average SD values for the four treatment groups in samples collected after electrical stunning at 11 wk of age (3.4 6 2.8) were much more variable than in samples collected at 6 wk of age (0.7 6 0.4); the average SD of testosterone concentrations in samples from boars collected at slaughter after transportation at 11 wk of age was more than 5-fold greater than that observed in samples collected from boars under minimal restraint at 6 wk of age. Potential effects of relocation and slaughter on serum testosterone in boars, occurring as soon as 1 hour after transport, were brought to our attention during the course of this study [43] (J.J. Ford, personal communication). Although serum LH, FSH, and inhibin values in samples from these boars were not obviously affected by transportation, all hormone concentrations from 11-wk-old boars were omitted from the analysis. Body weights were not altered by treatment at any age.
DISCUSSION
The primary objectives of these studies were to compare timing of Sertoli cell proliferation in response to hemicastration and letrozole treatment and to determine whether responses were additive. Similar timing of response and absence of additivity would suggest a shared mechanism, and different timing of response or additivity would suggest different mechanistic pathways. The 50% increase in Sertoli cell number at 2 wk of age, 6 days after hemicastration, substantiates results from studies examining letrozole and hemicastration separately that suggests the hemicastration response is much faster than the letrozole response. A similarly rapid increase in numbers of Sertoli cells or testicular mass in response to hemicastration has previously been reported in boars [44] [45] [46] , and we have noted the letrozole response is first detectable at 6.5 wk of age (Berger and Conley, unpublished results). The slight increase in Sertoli cell numbers in the letrozole-treated intact littermate compared with that in the vehicle-treated intact littermate at 6.5 wk of age was anticipated, although the percentage increase was slightly less than we have previously observed [31, 42] . Although hemicastration increased Sertoli cell numbers 2-fold by 6.5 wk of age, a much greater stimulation of Sertoli cell proliferation than the letrozole treatment, there was no statistical support for an additive interaction between letrozole 
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and hemicastration at that time point. The apparent difference in timing of the response, as well as the hint of interference between hemicastration and letrozole treatment at 2 wk of age, suggested the possibility of a delayed interaction. Because our earliest detectable increase in Sertoli cell numbers in response to letrozole was at 6.5 wk, we chose a third time point, 11 wk, at which to examine the potential for a delayed interaction in the letrozole-treated hemicastrated littermates. Indeed, with the longer time interval for interaction, letrozole and hemicastration exhibited a positive synergism in increasing Sertoli cell numbers, further suggesting different mechanistic pathways. A prolonged interval for proliferation may be similarly required for hemicastration and transient neonatal hypothyroidism to interact synergistically to increase Sertoli cell numbers in rats [24] .
The second wave of Sertoli cell proliferation begins before 11 wk of age, with an approximate doubling of Sertoli cell numbers in 11-wk-old animals compared with 6.5-wk-old animals. The letrozole-treated intact animals appear to be slower to initiate the second wave of proliferation, as we suggested in a previous study [6, 29] . The letrozole-treated hemicastrated animals have numbers of Sertoli cells at 11 wk of age that have more than doubled compared with those of the 6.5-wk-old letrozole-treated hemicastrated animals, whereas both the vehicle-treated hemicastrated animals and the letrozole-treated intact animals have only slightly increased Sertoli cell numbers compared with those of 6.5-wk-old animals. This suggests to us that the first wave of proliferation BERGER AND CONLEY is more prolonged in the letrozole-treated hemicastrates than in the letrozole-treated intact animals or in the vehicle-treated intact animals.
The slight decrease in testicular aromatase activity at 6.5 wk of age in the five hemicastrated animals was an unexpected observation. Statistically significant decreases or arithmetic decreases in testicular and systemic concentrations of estrogen conjugates and estradiol in these same animals corroborate this decrease in aromatase activity, but a similar decrease was not observed at either 2 wk of age or at 11 wk of age, nor was there a systemic response in estradiol observed at 6 wk of age. Hence, the timing of this observed response appears quite limited, and it seems unlikely that altered aromatase activity mediates the increase in Sertoli cell numbers in hemicastrates.
Historically, FSH has been thought to be an important component of the tropic drive that establishes Sertoli cell populations based primarily on studies in rodents. Recent data from knockout studies in mice challenge that concept, and the possibility that species might differ in the relative significance of FSH as a stimulus has been minimally explored [9, 10] . Sertoli cell numbers are not consistently reduced in early juvenile FSH knockout mice, and the reductions that have been reported are more minor than might be anticipated for the removal of a major tropic drive. Studies in our laboratory showing increased proliferation of Sertoli cells in response to decreased endogenous estrogens have never been accompanied by increases in FSH [30, 31] . The compensatory testicular hypertrophy observed following hemicastration was initially hypothesized to be mediated by a pituitary hormone [8] . Reduced systemic inhibin following removal of a testis was believed to allow FSH to increase and stimulate Sertoli cell proliferation [47, 48] . Inhibin and FSH data in hemicastrated rams and rats were consistent with this model and exogenous FSH stimulated Sertoli cell proliferation in rodents [49] . Clark et al. [46] observed an immediate increase in FSH that persisted for several weeks following hemicastration of pigs, but, surprisingly, inhibin was not reduced during the first week after hemicastration. In a different hemicastration study in pigs, FSH was not initially increased following hemicastration, although it did subsequently rise and remain elevated for several weeks [44] . Augmenting FSH concentration by FSH administration has minimal effect on Sertoli cell development in the boar compared with controls [50] . Exogenous FSH was able to restore Sertoli cell numbers per testis to near normal for an intact animal in hemicastrated animals treated with a GnRH agonist but was not able to restore numbers to those in the hemicastrated controls [45] . Regulation of Sertoli cell proliferation in pigs may be less sensitive to FSH than in rodents as a robust relationship between endogenous FSH levels and Sertoli cell proliferation in pigs is not readily identified [16, 43, 51, þ Approached difference from value for littermates treated with vehicle (P , 0.10). *Different from value for littermates treated with vehicle (P , 0.05). ***Different from value for respective littermates treated with vehicle (P , 0.001).
SERTOLI CELLS, ESTRADIOL, AND HEMICASTRATION 52]. Perhaps local activin concentrations are part of the mechanistic pathway that is altered in response to hemicastration (or in some cases, in response to FSH signaling), as activin is known to stimulate Sertoli cell proliferation in rodents [1] . A transient increase in FSH may have occurred during the first few days after hemicastration, but the increase in FSH reported in a previous hemicastration study was sustained for several weeks.
In conclusion, the difference in timing of response to hemicastration and reduced endogenous estrogens and the positive synergism exhibited at 11 wk of age suggest two BERGER AND CONLEY different mechanistic pathways mediate the observed increases in Sertoli cell proliferation.
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